t has long been known that blood pressure (BP) is characterized by an array of spontaneous variations.
This article summarizes current knowledge on short-term (within the 24 hours) and long-term BP variability. Mention will be made of the following: (1) factors responsible for BP variations and mechanisms through which they occur; (2) the relationship of BP variability with BP mean values in absence and during antihypertensive treatment; and (3) the prognostic significance of BP variability. Current limitations of the studies on BP variability will be also discussed to emphasize what future studies should address.
Twenty-Four Hour BP Variability

Factors and Mechanisms
A large body of evidence shows that, over the 24 hours, BP undergoes marked variations in response to physical activity, sleep, and emotional stimuli of various nature and duration, thereby documenting the profound involvement of behavioral influences on BP variability. However, spontaneous BP variations also occur independently on behavior. For example, throughout the day and night, BP oscillates regularly at different frequencies, presumably because of influences originating within the brain. 4 Furthermore, BP varies more or less regularly in response to the mechanical forces generated by ventilation and also shows irregular nonbehaviorally and nonmechanically related changes with a possible origin from humoral influences and even local vasomotor phenomena. Finally, BP variations are opposed throughout the 24 hours by the baroreflex, which makes the magnitude of 24-hour BP variability in a given individual the net effect of prooscillatory and antioscillatory influences. 1 Some of these influences operate via the sympathetic nervous system, 5 but nonneural mediators are also importantly involved, as shown by the complex effects of sympathectomy on BP variability in experimental animals, that is, the disappearance of some variability components with the persistence or even the increase of others. 6 The factors possibly responsible for 24-hour BP variability are illustrated in Figure 1 .
Relationship With 24-Hour BP Mean
Early studies with intra-arterial ambulatory BP monitoring have shown that 24-hour, daytime, and nighttime BP variabilities (quantified as the SD of the 24-hour, day, and night mean values) increase from normotensives to patients with a progressively more severe hypertension 7 ( Figure 2 , top left). They have further shown that an increase of BP variability when BP mean increases also occurs within individuals, because the BP SD becomes progressively greater from the half hours in which mean BP is lowest to the half hours in which it is maximal ( Figure 2 , top right). They have also shown that, from normotensive to hypertensive subjects, the increase in BP SD is proportional to the increase in mean BP, with, thus, no change in the coefficient of variation (Figure 2 , bottom left). However, this is not the case within individuals in whom the increase in BP variability associated with an increase in BP mean is more pronounced and accompanied by an increase in its normalized value ( Figure 2 , bottom right). It is possible that the resetting of the baroreflex that is known to occur during prolonged BP elevations, such as hypertension, 8 allows its antioscillatory influence to remain fully operative, thereby attenuating the increase in BP variability that accompanies more transient increases of BP mean.
Effect of Antihypertensive Treatment
Both intra-arterial and noninvasive ambulatory BP monitoring have shown that 24-hour, daytime, and, to a lesser extent, nighttime BP SDs all decrease as the corresponding BP mean is reduced by antihypertensive drugs. 1 This occurs with a variety of antihypertensive treatments, that is, angiotensinconverting enzyme inhibitors, calcium channel blockers, central agents, and ␤-blockers without or with vasodilator properties given alone or in combination with a diuretic, [9] [10] [11] [12] [13] [14] [15] [16] [17] suggesting that this is the consequence of BP lowering, per se. Interestingly, in most instances the reduction of the SD has been found to be proportional to the reduction of the mean BP value with, thus, little or no change in the BP coefficient of variation. 18 The change of BP variability associated with antihypertensive treatment thus reflects the difference in BP variability between normotensive and hypertensive individuals, making it possible that a baroreflex resetting (this time toward lower BP values) is again involved.
Prognostic Relevance
Intra-arterial and noninvasive BP monitoring studies have shown that, for a given 24-hour BP mean value, cardiac and vascular damage are greater and lower in subjects with, respectively, a greater and lower 24-hour BP SD. 19, 20 Furthermore, evidence has been obtained that, over a follow-up of several years, an initially greater BP variability leads to a greater progression of the left ventricular mass index or carotid-intima media thickness value. 21, 22 Finally, and most importantly, in several studies, BP variability within the 24 hours has been found to be an independent predictor of the incidence of cardiovascular events. [22] [23] [24] [25] [26] [27] For example, Sander et al 22 have shown a greater 24-hour BP SD of systolic BP to be accompanied by a greater 3-year incidence of cardiovascular morbid and fatal events. Kikuya et al 23 in subjects with a daytime SD of systolic BP lower than Ϸ16 mm Hg, the rate of cardiovascular mortality as assessed over a multiyear follow-up was significantly less than in subjects with an SD of systolic BP equal or above this value. Verdecchia et al 27 have seen that, in initially untreated hypertensive patients followed for 16 years, an enhanced BP variability during the night was an independent predictor of cardiac events. Mancia et al 24 have observed that, in the general population of the Pressioni Arteriose Monitorate e Loro Associazioni Study, the 12-year cardiovascular mortality exhibited a positive relationship with the magnitude of the day and night erratic diastolic BP changes that could be detected by eliminating the cyclic components (nocturnal and postprandial BP falls) by Fourier analysis of the 24-hour BP tracing, independent of other potentially confounding demographic and clinical cardiovascular risk factors (Figure 3) . Indeed, as shown in Table 1 , these erratic BP variations were found to be a predictor of cardiovascular fatal events more important than the mean 24-hour BP value and the difference in day-night BP, for which the relationship with cardiovascular mortality was of a protective nature. They were also found to exceed the prognostic importance of 24-hour BP mean, suggesting a nonmarginal contribution to cardiovascular risk.
Current Limitations and the Future
Current knowledge on 24-hour BP variability has important limitations (Table 2) , which makes future studies in this area important. First, more studies are needed on the factors and mechanisms involved in this phenomenon and, in particular, on the role played by arterial stiffness and genetic factors on the magnitude and patterns of short-term BP variations. Second, some studies have shown short-term BP variability not to predict events after adjustment for potential confounders or have concluded that its prognostic importance is minor vis-à-vis that of mean BP values. 28 Thus, additional longitudinal evidence based on an accurate quantification of the variability phenomena (see below) would be desirable. Third, more evidence is needed on whether some drugs or treatment strategies have greater effects on within 24-hour BP variations than others. Furthermore, because 24-hour ambulatory BP has not been used in large-scale trials on antihypertensive treatment (except for small substudies on nonrandomized patients), the protective effect of treatment-induced changes in BP variability with respect to the concomitant changes in BP mean awaits proper documentation. Finally, when using noninvasive ambulatory BP monitoring (the only approach suitable for large, long-term studies) it will be important to more precisely quantify the magnitude of the 24-hour BP variations. This means to space BP readings by Յ15 or 20 minutes, because, beyond these intervals, quantification of the 24-hour BP SD can be grossly inaccurate. 29 It also means the use of indices other than the SD, because the same SD (or the coefficient of variation) value may be associated with completely different patterns of BP variability. Complementary measures, such as the weighted SD, the frequency distribution, or the BP ranges over the day and night and the average differences between consecutive systolic or diastolic values may offer some advantages. 30 ambulatory BP monitoring, which provides Ͻ0.1% of the BP values that occur over the 24 hours. Furthermore, because noninvasive automatic BP measurements require the patient to stop any activity at the time of measurement, this approach does not capture BP variability in truly real-life conditions. Finally, although in a previous study intra-arterially measured nighttime BP fall was found to be superimposable with and without concomitant noninvasive ambulatory BP monitoring, 32 the possibility that cuff inflations (and the accompanying noise) alter sleep pattern and its cardiovascular effects, at least in some patients, cannot be excluded. The most important progress for BP variability will, therefore, be to develop devices that measure beat-to-beat ambulatory BP noninvasively without restriction at a cost that could make their use in large and long-term studies feasible. Beat-to-beat BP monitoring would also allow us to apply methods such as restricted or broad-band spectral analysis to the recorded tracing, thereby detecting even subtle differences in the magnitude and type of BP variations. 33 It would even permit us to assess on a large scale the speed of the BP changes during the frequent pressor and depressor episodes that occur spontaneously over the 24 hours. BP has been shown to change faster in hypertensive than in normotensive subjects throughout the day and night, 34 but no data are available on whether the potentially greater traumatic effect of faster BP changes on the heart and the vessel wall favors organ damage and increases the risk of cardiovascular events.
Long-Term BP Variability Evidence
Information on the factors involved in long-term BP variations are scattered and incomplete. Behavioral changes are regarded to play a major role on day-to-day BP variations, particularly those making the ambulatory BP values of the working days, and of Monday in particular, different from those of the weekend. 35 Changes in temperature are thought to be the main reason for the lower BP that characterizes summer as compared with winter months. 36 Large artery stiffening is known to be majorly responsible for the progressive BP changes that occur with aging. 37 Little is known, on the other hand, about the factors responsible for the BP difference that has been observed between visits spaced by months or years in observational studies and antihypertensive drug trials. [38] [39] [40] These differences, however, have been shown to have a prognostic value. For example, in the hypertensive patients with a history of coronary disease of the International Verapamil-Trandolapril Study, 40 the incidence of cardiovascular morbid and fatal events increased progressively as the number of on-treatment visits in which BP was controlled to Ͻ140/90 mm Hg increased from Ͻ25% to Ն75%, irrespective of the mean BP value throughout the treatment period. Even more impressively, in the high-risk hypertensive patients of the Anglo-Scandinavian Cardiac Outcome Trial, the incidence of cardiovascular events, and of stroke in particular, increased progressively as the SD or the coefficient of variation of the on-treatment BP mean increased from the lowest to the highest decile value. 38 This implies that physicians should pay attention to consistency of BP control over time, because lack of control at any given visit may have adverse prognostic consequences, a conclusion recently reached also by the Ongoing Telmisartan Alone and in Combination With Ramipril Global Endpoint Trial in which the risk of a cardiovascular event showed a relationship with the BP status in the immediately preceding visit. 41 This may not be an easy goal to achieve, however, because an unstable BP control is a common phenomenon not only in clinical practice but also in trials. In the European Lacidipine Study on Atherosclerosis, for example, Ϸ40% to 50% of the treated hypertensive patients achieved a BP Ͻ140/90 mm Hg at each yearly visit, whereas in only approximately one third of them was BP control achieved for the entire 4-year duration of treatment. 42 
Limitations
Before concluding that consistency of BP control represents an additional important goal of antihypertensive treatment, important limitations of current evidence on visit-to-visit BP variability should be mentioned (Table 3) . Fourth, visit-tovisit BP variability has been studied by a post hoc approach, which means that comparisons have involved nonrandomized groups, a condition that does not guarantee that factors other than those under study play a role. Second, because a number of values is needed to quantify BP variability, patients experiencing an early event have been excluded, limiting the analysis to the later part of a trial. Third, the variability of visit-to-visit on-treatment clinic BP has shown a very limited relationship (correlation coefficients between 0.10 and 0.20) with the concomitant visit-to-visit variability of on-treatment 24-hour mean BP, 43 which means that consistency of clinic BP control may not reflect that of 24-hour BP control, that is, a measure of recognized prognostic importance. [44] [45] [46] Fourth, no conclusive data exist on the effect of different drugs or treatment regimens on visit-to-visit BP variability, because, in absence of data from individual subjects, this has been quantified by the more or less wide range of the BP-lowering effect of treatment in the whole group of patients. 47 Although this "interindividual" variability has been claimed to be significantly related to the "intraindividual" one, it is not easy to understand why the more or less uniform BP effect of an antihypertensive drug in a large group of patients should measure the tendency of the BP-lowering effect of treatment in a given individual to be more or less sustained with time. Finally, much more will have to be learned regarding the factors responsible for between-visit BP variations during Table 3 .
Visit-to-Visit Intra-Individual BP Variability: Limitations and Future
• Derived from post hoc analysis of data/comparisons of nonrandomized groups
• Several visits needed/patients with early events excluded
• Limited information on factors involved/could reflect different timing of BP measurement and/or adherence to treatment
• Low correlation with visit-to-visit variability of 24-h mean BP
• Use of interindividual variability as a surrogate for intraindividual variability questionable BP indicates blood pressure.
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antihypertensive treatment. Although it cannot be excluded that neurohumoral and structural characteristics of the cardiovascular system are involved, it will be important to know the contribution of more practical factors, such as the different timing of BP measurements at different visits, that is, the fact that at one visit BP measurements may be closer to drug administration that at another visit, and the role played by patient adherence to the prescribed treatment regimen, because adherence to treatment has been shown to be prognostically important. 48, 49 Progress on all of above points will be possible, if at variance from what has been done in the past, 50 future trials will collect precise information on intraindividual BP variability during the treatment.
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